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Introduction 56 Rupture of the anterior cruciate ligament (ACL) is among the most frequent and serious 57 musculoskeletal injuries affecting physically active men and women. ACL injuries occur with 58 an annual incidence of at least 81 per 100 000 persons aged between 10 and 64 years (1) , 59 and are associated with both marked short-term morbidity and long-term consequences. It 60 typically occurs in the younger population and as such leads to prolonged disability and 61 increased economic cost (2) ; largely due to work loss. 62 More than 70% of formerly young and active individuals who sustain ACL injuries end up 63 with moderate to severe disabilities, like instability, meniscal and chondral surface damage 64 and osteoarthritis (OA) (3;4) . OA changes occur in 15-70% of the patients at 10-15 years 65 following the injury (3) (4) (5) (6) (7) (8) . Evidence suggests that roughly 25% of the disease burden of knee 66 osteoarthritis could be prevented by preventing knee injuries among men (women, 14%) 67 (9) . 68 The acute ACL rupture is rarely isolated, often associated with injuries to the cartilage, 69 subchondral bone, menisci and other ligaments (3) . The precise pathogenesis behind why 70 ACL ruptures lead to an increased risk of developing OA and why OA development can be 71 accelerated in injured joints is unclear, but may be caused by the combination of an acute 72 insult to the joint tissues, post traumatic alterations of the biochemical environment of the 73 joint or chronic changes in dynamic loading of the knee joint surfaces. It was postulated that 74 the majority of the tissue damage is related to the large forces required to injure the ACL 75 (10) . Identifying a biomarker predicting those at risk of poor long-term prognosis would 76 greatly aid therapeutic development. 77 Early ACL reconstruction is currently the most frequently used treatment, mainly driven by 78 the hypothesis that reconstruction improves instrumented laxity (11) (12) (13) . However, 79 evidence is inconclusive that ACL reconstruction facilitates return to previous activity level, 80 reduces the likelihood of further injuries to the menisci or cartilage, or decreases the long-81 term risk of osteoarthritis (11;14) . In fact, a recent randomized clinical trial presented 82 evidence that early reconstruction may not alter short-or mid-term symptoms or structural 83 outcomes significantly compared with those seen in subjects treated with delayed ACL 84 reconstruction or rehabilitation alone (11;12) . 85 [BONE CURVATURE KANON] February 14th, 2014 4 | P a g e Changes in the dynamic loading of the injured knee are also apparent and could drive OA 86 development. There are significant differences in the tibiofemoral kinematics of ACL-87 deficient knees compared with healthy controls (15) (16) (17) (18) but also between the ACL 88 reconstructed and healthy contralateral knee (18) . 89 One joint tissue that is pivotally involved in OA pathogenesis and responds promptly to 90 altered load is the subchondral bone. Changes in subchondral bone in established OA 91 include remodelling of the subchondral trabeculae (19) , alterations in shape (20;21) , 92 thickening of the subchondral plate (22) and a steep stiffness gradient (23) . Indeed, there 93 does appear to be some bone changes that occur prior to cartilage destruction (24) , 94 including thickening of the subchondral cortical plate (25) . With the exception of the shape 95 of the femoral intercondylar notch (26) little heed has been paid to the bone shape in 96 persons who have sustained an ACL injury. As bone is principally responsible for load 97 distribution in the weight bearing knee (27) any kinematic change in loading is likely to lead 98 to alteration in bone shape as it adapts to this changed load. Similarly, this responsive tissue 99 may also demonstrate changes that are suggestive of deleterious progression towards an 100 end stage osteoarthritic pathology (28) . Previous studies suggest that subtle alterations in 101 joint shape at both the hip and knee may be involved in the pathogenesis of OA (20;29;30) . 102 Due to the long lead time between knee injury and the development of radiographic OA, 103 finding a more responsive biomarker that identifies those at risk of poor long term prognosis 104 could aid therapeutic development. 105 The objective of this study was to investigate the 5- if specific protocol guidelines were met (11) . Over the 5 year period, a delayed ACL 118 reconstruction was performed in 30/59 patients initially assigned to rehabilitation; 29 119 patients were treated with rehabilitation alone (12) . The study was approved by the ethics 120 committee of Lund University. At inclusion, participants were eighteen to thirty-five years 121 old, had a moderate to high activity level prior to their injury, and had an acute ACL injury to 122 a previously uninjured knee. Major exclusion criteria were total collateral ligament rupture, 123 full-thickness cartilage injury as visualized on initial MRI, and evidence of osteoarthritis on 124 weight-bearing radiographs. Inclusion and exclusion criteria, details of the recruitment 125 process, and the clinical outcome after two and five years have been reported 126 (11;12;14;31;32) .
128
Intervention 129 All subjects were treated according to an identical, goal-orientated rehabilitation program, 130 initiated at the time of, or prior to randomization (11) . All ACL reconstructions (early and 131 delayed) were performed by one of four senior knee surgeons using single-bundle 132 technique, either with a patella-tendon or hamstring-tendon procedure depending on the 133 surgeon's preference (11) . In randomised trials, these two methods have resulted in similar 134 outcomes (33;34). Meniscal tears were treated with partial resection or fixation when 135 indicated by MRI findings and clinical signs. Meniscocapsular separations of <10mm were 136 treated with arthroscopic fixation, but fixation of larger meniscal tears resulted in exclusion 137 from the study (11) . 
Quantification and Post-Processing of MR Images
Image administration and analysis was performed using CiPAS, a software platform for the 172 automated segmentation of MRI images (Qmetrics Technology, Rochester, NY). The MRI 173 data sets were segmented using a multi-atlas based method (36) . An atlas-based 174 segmentation approach uses an expert segmented subject as template to automatically 175 segment MRI images. This multi-atlas approach mitigates template bias and improves 176 segmentation precision (36) . Segmentation errors of the multi-atlas based segmentation 177 method are reduced by increasing the number of atlases (36) . Experiments on Osteoarthritis 178 Initiative (OAI) data sets showed that only five atlases provide good segmentation 179 performance while keeping a reasonable computational workload (36) . The imaging 180 protocol of this study used lower resolution images than OAI; therefore, it was possible to 181 add more atlases while keeping the same computational workload. In order to mitigate 182 template bias, we used seven atlases (templates), two more than the original OAI 
Results

246
The mean age of the 111 participants was 26 years, 27% were female and the mean BMI 247 was 24 kg/m 2 ( Table 1 ). The characteristics of study participants who were assigned to 248 undergo rehabilitation alone approximated those that had an ACLR for age and BMI, 249 although appeared to differ for sex and injury to right knee. 250 Over the course of 5 years, the changes of values for curvature were statistically significant 251 in each region of the knee (i.e. convex shapes became flatter and concave shapes became 252 more concave, Table 2 , Figures 2 and 3) . The curvature values were averaged by ROI, 253 therefore the average ROI-curvature value represented a sphere that on average fit the ROI 254 surface. In that sense, we tested if the average ROI curvature fit a larger or smaller sphere. 255 For convex shapes the statistical test results indicated that on average the mean-curvature 256 was getting significantly smaller over time ( Figure 3A and 3B ). This implied that the 257 corresponding sphere that fit the ROI was getting larger, i.e. a flatter surface. On the other 258 hand, the concave tibia shape was getting significantly more concave over time. This 259 increase in concavity implied that the sphere that fit the tibia was getting smaller. In the 260 subsample with repeat visits over shorter time intervals (n=61), it is important to note these 261 [BONE CURVATURE KANON] February 14th, 2014 10 | P a g e changes were observable already by the 3 month visit ( Figure 3A) . Change to 3 months 262 (from baseline) in curvature was predictive of change at 5 years for both the femur 263 (p=0.005) and tibia (p=0.006).). The magnitude of the curvature change by 5 years was most 264 profound for the femur (standardized response mean, SRM =-1.62). 265 The unadjusted non-parametric correlations between the predictors of interest (age at the 266 time of injury, sex, treatment actually received, time between injury and ACLR, time 267 between injury and baseline MRI, and osteochondral/ meniscal injury at baseline) and 268 curvature by region are presented in Table 3 . The results of the parametric regression 269 before and after adjusting for baseline curvature value, age, BMI and gender are presented 270 in Table 4 . The results are broadly consistent between both tables. Of the demographic 271 characteristics, age at injury did not affect curvature change whereas a higher BMI was 272 significantly associated with curvature change in the femur, trochlea femur and lateral tibia. suggest it is also seen in early OA (30;37) . Whilst there is still considerable debate, many 293 studies suggest that alterations in bone may precede other structural changes in OA (38) (39) (40) (41) . 294 Consistent with prior literature on other structural changes following ACL injury (31;42), the 295 structural changes found for curvature in this study were more evident in the femoral 296 condyles than the tibial plateaus, however changes occurred both medially and laterally. There are also a number of important limitations that warrant mention. Knee injury can lead 365 to combined damage to both the meniscus and the subchondral bone. We do not have 366 sufficient study power to look at interactions between these two predictor variables. In the 367 group randomized to initial rehabilitation alone, about 50% went on to have a delayed ACLR 368 over the five year period (12) . Therefore, our study is underpowered to examine the 369 influence of rehabilitation alone in subgroups of persons with meniscal injury. With regards 370 to the method of measuring curvature, we used a multi-atlas approach with multiple 371 subjects selected as templates, and any atlas bias was thus mitigated by considering the 372 consensus segmentation created by fusing the individual segmentations into a single labeled 373 image. The lack of an age, sex and BMI matched control group without ACL injury monitored 374 together with the KANON group using the same MRI equipment and analysis technology, 375 limits our ability to draw firm conclusions regarding the cause of our findings. The curvature 376 changes observed here could thus, e.g., be a direct consequence of the ACL injury, represent 377 natural joint remodeling in patients aged between 18 and 35 years, or be due to a 378 combination of these causes. 379 In sum, we have demonstrated that bone curvature changes occur within 3 months of acute 380 ACL injury and that the change is significant at 5 years. Our results support the importance Table 4 . Factors tested for an association with bone curvature change over the five-year follow-up period (Fully fitted regression models were adjusted for baseline curvature, age, BMI and gender. Presented as Beta regression coefficients, n=111). 
Change in bone curvature
